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Brillouin Selective Sideband Amplification
of Microwave Photonic Signals

X. Steve Yao
Abstract—We introduce a powerful Brillouin selective side- A
band amplification technique and demonstrate an important " Signal Carrier
application for achieving gain in photonic signal up- and down- a) Lower | Unper
conversions in microwave photonic systems. We show that sys- sideband Asiggban d
tems employing such a scheme is also automatically immune to -
the fiber dispersion effect. Vs Optical frequency
T . . . BS Pump
Index Terms—-Brillouin scattering, down-conversion, micro- b)
wave photonics, microwave, optical amplification, sidebands, sig- Optical frequency
nal mixing, up-conversion.
DB -Dp
Pump Laser Variable
| INTRODUCTION at 1320 nm  Isolator Attenuator Receiver
RILLOUIN amplification in digital photonic systems has )

been extensively studied by many authors. Unfortunately,
it has been proved to be impractical due to its narrow band- SignalLaser  LOin
width and high spontaneous emission noise [1], [2]. In this 2! (22280
letter, we introduce a powerful selective sideband amplification
scheme and demonstrate an important application for analog
co_mmynlcano_n_ Sy.StemS tha.'t fully eXpIC_)ItS t_he advantages IQ(E] 1. (a) The typical spectrum of an RF signal imposed on an optical
Brillouin amplification and circumvents its disadvantages. carrier. (b) The spectrum diagram showing the frequencies of the pump
In Brillouin amplification [3], an optical pump with a and the Brillouin scattering. When the frequency of one of the sidebands
frequency ofi, entering a length of optical fiber ge”e“ateé;‘))i”?Ldeeiﬁlgitn'linf{;qiiﬂﬁ for demonstrating Brilouin selectve sceband
an acoustic grating moving in the direction of the pumpympification.
which gives rise to backscattering of the optical pump. The
frequency of the backscattered light is down shifted, via tHg this way we can dramatically increase the modulation index
Doppler effect, from the pump by = 2u,(1,/v), where of the received RF signal and amplify it. In practice, one can
v, andy; are the speed of the acoustic wave and the spegither tune the frequency of the pump laser or the frequency
of light in the fiber, respectively. If a narrow-band seed sign&f the signal laser so that one of the modulation sidebands
with a frequency ofv, — 1, is injected into the fiber from coincides with the frequency of the Brillouin scattering and
the opposite end of the pump, the interaction of the se@géts amplified. Compared with other optical amplidiers, such
signal with the pump will greatly enhance the induced acousgé an Ef3-doped fiber amplifier (EDFA), this scheme is much
grating, causing more backscattering of the pump into the sgg@re efficient because all Brillouin scattering energy from the
and effectively amplifying the seed signal. pump laser goes into the information-carrying weak sideband.
Furthermore, because the strong carrier is not amplified, the
Il. THE CONCEPT OFSELECTIVE SIDEBAND AMPLIFICATION  saturation of the receiving photodetector can be avoided.
The concept of brillouin selective sideband amplification Fig. 1(c) is the experimental setup for demonstrating Bril-
(BSSA) introduced in this work is illustrated in Fig. 1(a) andouin selective sideband signal amplification of RF signals. In
(b). Unlike the selective carrier amplification [4], [5], here théhe experiment, a LINbOQMach—Zehnder modulator was used
narrow bandwidth of Brillouin amplification is used to advanto modulate the optical carrier emitted by a signal laser (diode
tage to selectively amplify one of the weak sidebands (whig¥mped YAG laser) at 1320 nm. The resulting optical signal
carries information) and leave the strong carrier (which carriésfinally injected into the 12.8-km fiber from the opposite of
no information) unchanged. The RF (frequencies ranging frolfi€ pump laser (also a diode pumped YAG laser). Isolators
radio up to millimeter wave) signal in the photodetector will b#ere used in front of the pump and signal lasers to prevent
the beat between the strong carrier and the amplified sidebal#it from one laser entering the other. _
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wide bandwidths. Third, the gain of the weaker signal is
generally higher, however this is accompanied by higher
amplifier noise caused by the spontaneous emission. If the seed
signal is sufficiently strong, the stimulated emission induced
by the seed will dominant and deplete the energy that may
otherwise be converted to noise (spontaneous emission). For
- an externally modulated link, we found experimentally that
5.36 5.38 5.40 5.42 544 536 538 540 542 544  the amplifier noise is insignificant if the input RF signal is
Frequency (GHz) Frequency (GHz) sufficiently strong to limit the RF gain to less than 30 dB.
Fig. 2. Experimental results demonstrating Brillouin selective sideband at%lnally! the gain saturates for large S'gnals W'th a fast response
plification. (a) Pump is tuned to be aligned with a signal sideband. An RF gdime, which will cause intermodulation distortion. Despite
of 31.5 dB is observed. (b) The pump laser is tuned two gain bandwidths awy disadvantages, there are many applications in which the
and the RF gain decreased to 3 dB. The frequency span of the measurem%pt f the Brilloui lificati be full ilized
is 100 MHz and the noise bandwidth is 1 MHz. The input RF signal is & \_/ant.age_s 0 t_ € brillouin amF_“ ication can be fully u“.|ze ’
5.43 GHz with a power of-2.17 dBm. while its limitations can be circumvented, such as in the
example demonstrated below.

Power (dBm)

204?.,..'.;‘..“.; i "‘Z ] 40f : s
Bagb e, a ] 30‘ b) IV. PHOTONIC RF SGNAL MIXING WITH GAIN
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§»w-* ® WinBSSAgen E‘ZO‘ BEMEMEMWETELLS Photonic signal mixing [6] is very important in microwave
520 —— No BSSA gain - S Fatth o it j systems and has been demonstrated by many authors using two
R e =10l .:-"2 Jz‘ndam‘E‘ 283 dBm| cascaded Mach—Zehnder modulators. One of the modulators
- L] - i . . .
T osf—c27c — JBPRS s driven by the local oscillator (LO) and the other modulator
RF Input Power (dBm) Optical Pump Power (mW) is driven by the RF signal. The beating between the optical

Fig. 3. (a) RF link gain as a function of RF input power to the modulatoCaMer and th? RF modulation S'_debands _'n the_phOtOdete?tor
A small-signal link gain of 20 dB was obtained with only 2.61-mW opticaconverts the signal back to electrical domain, while the beating
power in the photodetector. The gain decreases at high-input RF power levglstween the LO modulation sidebands and the RF modulation
The optical pump power in the experiment is 12.23 mW. (b) The gain qf. .
RF signals versus optical pump power for different RF input powers to t%debands I_n the photodetector prqduces the down and up
modulator. Substantial RF gain was obtained even when the pump powéinverted signals. Because the LO sidebands are always much
is much lower than the SBS threshold level of 10 mW. Note that the gajgeaker than the optical carrier, the conversion process is
saturates at high-optical pump powers. always accompanied with a high loss.

. . . . . _As illustrated in Fig. 4(a) and (b), using Brillouin amplifica-
It 1S ewde_nt e when _the Iower_ S|deband_ o_f the RF. S|gnql fibn one can dramatically increase one of the LO modulation
aligned with the Brillouin scattering peak, it is amplified wit idebands when it is aligned with the Brillouin frequency
a gain of more than 30 dB. When the Brillouin scattering peg §

is tuned f the sideband. th lification diminish the illustration, the lower LO modulation sideband is
IS tuned away from the sideband, the amplification diminis eo\?nplified. Since the down converted signal involves the beat

gradually. between the lower LO sideband and the lower RF sideband,

The RF link gain (defined as the difference of the RF Omp'é?nplifying the lower LO sideband will increase the down-

power from_ the photodetectpr and the_RF input power to tr%%nverted signal. Similarly, since the up-converted signal
modulator in dB) as a function of RF input power is showrh

in Fig. 3(a). With a pump power of only 12.23 mW, a small'— volves the beat between the lower LO sideband and the
signal RF link gain of more than 20 dB at 5.5 GHz is achieve

As a comparison, the RF link loss without Brillouin selectiv?_
sideband amplification is about41 dB. This accounts for a

total RF signal amplification of 61 dB.

pper RF sideband, the amplification of the lower LO sideband
ill cause the up converted signal to be amplified. If the
O sideband is amplified to be larger than the carrier, the
conversion will then experience a net gain.

Finally, Fig. 3(b) shows the RF signal gain versus optic%l]ilt is important to notice that this BSSA assisted signal

: : . . xing is independent of the bandwidth of the RF signal in
pump power for different input RF power. It is evident that ggite of the narrow bandwidth of the Brillouin amplification,

substantial gain of the RF signals can be achieved even W'bé?:ause only the single tone LO sideband band is being

the optical power is ”.‘“Ch less than the SBS threshold. At h'%lﬂw lified. Therefore, using Brillouin amplification for signal
pump powers, the gain also saturates. Part of the observed gl

turation mav be due to the photodetector saturation IXing can avoid the shortfall of its narrow amplification
saturation may be due fo the photodetector saturation. bandwidth. Although it is possible to amplify the RF signal

sideband instead of LO to achieve the same intermediate
frequency (IF) amplification, the signal bandwidth will be
We found that the BSSA has the following properties. Firslimited by the Brillouin amplification bandwidth. It should also
it is very efficient and requires very low pump power. Abe noticed that because only one of the LO sidebands (a single
DFB laser with a few milliwatts output power is sufficienttone) is amplified, the intermodulation distortion from the gain
to achieve adequate signal amplification. Consequently, sdturation can be avoided. Finally, unlike in a digital fiber
is much less expensive to implement than an EDFA or aptic system in which the optical signal power is generally
SOA. Second, it has very narrow gain bandwidth that i®o weak for the stimulated emission process to dominate, the
advantageous for the efficient selective sideband amplificati@trong optical power in the LO sideband of the RF photonic
however it is not useful for directly amplifying signals withsystem will effectively saturate the Brillouin gain and suppress

Ill. PROPERTIES OFBSSA
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A _ One may solve this problem by filtering out one of the
a) ;f,’c{;;“;gf: SEnal O Upper sidebands [7] or using a single sideband modulator [8] to
sideband prevent the destructive interference between the lower and

Signal lower Signal upper . . .
sideband sideband upper sidebands. Equivalent to the two approaches above, this
signal fading problem can be eliminated if one of the sidebands
Pump  Optical frequency is greatly amplified. Therefore, Brillouin selective sideband
amplification not only amplifies the received microwave sig-
Optical frt«;llﬂﬂCY> nals, but also automatically removes the signal fading problem
caused by fiber dispersion. Such a signal fading elimination
g-40 also extends to the photonic signal down- and up-conversion
@'Zg systems described above, where one of the LO sidebands is
5 ok : - selectively amplified by BSSA.
00 VI. SUMMARY

036 038 04 042 044 01072 10.74 10.76 10.7810.80
Frequency (GHz) Frequency (GHz) We have demonstrated the powerful scheme of BSSA.

Fig. 4. (a) and (b) Spectrum diagrams illustrating the concept of photon%uCh an ampllflcatlon scheme is much more efficient than

mixing with gain obtained by amplifying one of the LO sidebands. (cny other optical amplification schemes because the energy
Measured spectrum of down converted signal. (d) Measured spectrum offggm the pump laser only goes into the information-carrying

Conve”.edISig”a" The LO and RF frequencies are 5.18 and 5.5873 Gljzagk sideband. Furthermore, because the strong carrier is not
respectively. o ) . ! .
amplified, the saturation of the receiving photodetector can

th t o ise. In short. all the short .be avoided. We also demonstrated broad-band photonic signal
€ spontaneous emission noise. In short, all INe SNOTCOMINGS anq down-conversions with 12-dB gain by using this

(.)f thg Brillouin gmpllflcatl_on (narroyv gain bandwidth, NOM'scheme. This demonstration makes photonic mixing readily
linearity from gain saturation, and high spontaneous emissi

; . X 8Bplicab|e without having to employ high-power lasers and
noise) can be avoided with the approach above. high-power photodetectors. An added advantage of the scheme
N€that it automatically eliminates signal fading caused by fiber

mixing with Brillouin gain. The setup for the first eXperimemdispersion. We note that BSSA can also provide many other

is similar o Fig. 1{c). The modulator used in the experimey portant functionalities [9] for the photonic communication

has two independent RF input ports with a mutual iSOIati?iﬂ/ ; -
. stems and be used to generate high-frequency and high-
of over 40 dB. An LO signal at a level of 4.83 dBm at 5.1 ectral purity RF signals [10].

GHz was injected into one of the port and an RF signal oP
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